of the circadian system (Aschoff, 1960; Beaule et al., 2003; Daan and Pittendrigh, 1976; Munoz et al., 2005; Spoelstra et al., 2002; Steinlechner et al., 2002) and may further alter the coupling properties within the TTLs (Daan and Pittendrigh, 1976; Roenneberg and Merrow, 2003) .
In the present study, we characterize Per2/Cry1 mutant mice that have a disrupted clock in DD and LD conditions. In LL, these mutants regain rhythmicity at the behavioral level with a drastically shortened endogenous period. Furthermore, both the SCN and the peripheral circadian oscillations are restored. We show that light-mediated induction of Per genes is preserved in these animals and suggest a mechanism by which endogenous ultradian rhythms may relay timed light exposure to the SCN, thereby reinitiating circadian rhythmicity.
MATERIALS AND METHODS

Animals and Behavioral Analyses
Mice housing, handling, and locomotor activity monitoring were performed as described earlier (Albrecht and Oster, 2001; Jud et al., 2005) . For all behavioral experiments, male wild-type and Per2
Brdm1 /Cry1 -/-(below: Per2/Cry1) mutant mice (Oster et al., 2002 ) of 3 to 6 months of age were used. All animals were on a mixed 129SV/C57Bl/6 background. Rhythmicity, circadian, and ultradian period lengths were assessed by χ 2 -periodogram analysis using the ClockLab data acquisition and analysis software package (Actimetrics, Evanston, IL) on mice running in the appropriate lighting condition for at least 10 days. All procedures involving animals were approved by the district government of Hannover and in accordance with the European Union (EU) guidelines for the use of animals.
In Situ Hybridization
For DD data, mice already entrained for 2 weeks to LD 12:12 were released into constant darkness for 24 h and were sacrificed the next day by cervical dislocation under a 15-W safety red light at 6-h intervals. For LL, activity records were analyzed over a period of at least 1 week, and animals were sacrificed at the indicated time points along the individual activity cycle. For light induction, animals were kept in LL~2 0 lux for 1 week and were then subjected to a 6-h dark pulse and subsequently released again into constant light (LL~1 0 lux or LL~4 00 lux ) for 1 h prior to sacrifice. Specimen preparation, 35 S-UTP-labeled riboprobe synthesis, and hybridization steps were performed as specified by Albrecht et al. (1998) . Per1 and Bmal1 probes were used as described (Oster et al., 2003a; Oster et al., 2003b) . Quantification was performed by densitometric analysis of autoradiograph films using the ImageJ program (National Institutes of Health [NIH] , Bethesda, MD). Data of the SCN were normalized with respect to the signal intensities in an equal area of the lateral hypothalamus. Three sections per SCN were analyzed.
Quantitative RT-PCR
Quantitative PCR analysis was performed using SYBR Green detection with an iCycler PCR System (Bio-Rad, Berlin, Germany). Briefly, animals were sacrificed at the specified time points. Kidneys were dissected out, and total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA). First strand cDNA synthesis was performed using Superscript II reverse transcriptase (Invitrogen) and Oligo-dT primer. The primer set used was 5'-TGGCTCAAGTGGCAAT-GAGTC-3'and 5'-GGCTCGAGCTGACTGTTCACT-3' for Per1 (GenBank accession number NM_011065) and 5'-CCTAATTCTCAGGGCAGCAGAT-3' and 5'-TCC-AGTCTTGGCATCAATGAGT-3' for Bmal1 (GenBank accession number NM_007489). Elongation factor 1α (EF1α ; GenBank accession number BC095965; primers: 5'-AATTCACCAACACCAGCAGCAA-3' and 5'-TGC-CCCAGGACACAGAGACTTCA-3') was used as internal standard. Relative quantification was performed as described (Pfaffl, 2001) . Expression values were normalized to the average wild-type expression for the given set up. All assays were repeated thrice with biological replicates.
Fecal and Blood Corticoid Extraction
The fecal collection and assay protocol was adapted to the mouse model from the method described by Cavigelli et al. (2005) . Briefly, all animals were housed singly under the indicated lighting conditions and transferred to cages with meshed bottom without bedding 3 days prior to the start of the collection. Food and water were provided ad libitum. Samples were collected across 2 days at 4-h intervals and stored at -80 °C until extracted. Corticosterone metabolite extraction from the total sample was performed as described (Cavigelli et al., 2005) . For blood corticosterone determination, animals were sacrificed by cervical dislocation, and plasma extraction was performed using Microvette CB300 LH tubes (Sarstedt, Nürnbrecht, Germany). Quantification of fecal and blood corticoids was done using the ImmuChemTM Double AntibodyCorticosterone-125 I Radioimmunoassay Kit (MP Biomedicals, Orangeburg, NY).
Statistical Analysis
Statistical analyses of significance for all experiments were performed by unpaired Student t test using GraphPad Prism software (GraphPad, San Diego, CA), except for the emergence rhythm (Fig. 4) , for which we used Rayleigh's test for random distribution and Oriana software (Kovach Computing, Anglesey, UK).
RESULTS
Disrupted Circadian Clockwork in Per2/Cry1
Mutant Mice under LD and DD Conditions
To elucidate the influence of inactivation of both Per2 and Cry1 on the circadian clock, Per2/Cry1 mutant mice were analyzed for their circadian wheelrunning behavior in a 12-h light/12-h dark cycle (LD 12:12) and in DD. In LD 12:12, mutant animals displayed activity patterns similar to those of wild-type mice (i.e., the active phase was confined to the dark phase; Fig. 1A ). In contrast to wild-type mice, which show robust free-running rhythms, Per2/Cry1 mutant mice lost circadian rhythmicity immediately upon release into DD (Oster et al., 2002; Fig. 1A) . To address whether the apparent rhythm in runningwheel activity in the dark phase of the LD cycle is endogenously determined (i.e., entrained) or merely an effect of masking by light, animals were subjected to a frequency demultiplication test using an LD 6:6 paradigm (Fig. 1B) . As expected, wild-type mice showed only 1 block of activity per 24 h that was only partially suppressed during the 6 h of light (masking), thereby maintaining a 24-h activity rhythm. In contrast, Per2/Cry1 mutant mice became active in each of the dark phases. Furthermore, wild-type mice showed transient activity onsets for a few days after changing to LD 6:6, indicating that the circadian oscillator was reentraining to the new LD cycle. These transients were completely absent in the mutant mice; instead, they immediately adapted to the new conditions (Fig. 1B) . Thus, we conclude that the Per2/Cry1 mutants did not entrain to LD. Their activity was merely masked by light.
In DD, Per2/Cry1 mutant mice immediately lose circadian rhythmicity. To see if this arrhythmicity is reflected at the molecular level, we examined clock gene expression (Per1 and Bmal1) in the SCN of wildtype and mutant animals in DD conditions. In situ hybridization experiments revealed that both Per1 and Bmal1 expression levels were rhythmic and peaked at CT6 and CT18, respectively, in wild-type mice but were flat in the Per2/Cry1 mutant animals ( Fig. 1C) . Likewise, analysis of the peripheral circadian oscillator in the kidney by quantitative PCR revealed a blunted expression rhythm for both genes in the mutants, while the wild-type controls were clearly rhythmic for these parameters (Fig. 1D) . From these experiments, we conclude that the circadian clockwork of Per2/Cry1 mutant mice was disrupted and endogenous circadian rhythms were absent in both LD and DD conditions.
Ultradian Rhythms Become More Prominent in Per2/Cry1 Mutant Mice
Although Per2/Cry1 mutant mice do not exhibit a circadian wheel-running rhythm in DD, ultradian rhythms were much more prominent in these animals than in wild-type controls ( Fig. 2A) . In DD, χ 2 -periodogram analysis of the activity recordings revealed no independent circadian rhythm in the mutants but a strong ultradian component with a period length of 5 to 10 h, whereas wild-type animals exhibited a dominating circadian peak around 24 h and only weak ultradian rhythms (Fig. 2B) . Remarkably, Per2/Cry1 mutant mice were highly variable in the period of the ultradian peaks (Fig. 2C) , and even within individuals, period length varied over time (Fig. 2D) . Thus, the Per2/Cry1 mutant mice provide another example where ultradian can be dissociated from circadian rhythmicity. However, the stability of the period of these ultradian oscillations seems to be dependent on a functional circadian clockwork.
Restoration of Circadian Behavioral and Molecular Rhythms in SCN and Peripheral Oscillators by Constant Light of High Intensity
Recently, it has been reported that in Per2
Brdm1 as well as in Clock mutant mice, the circadian pacemaker can be stabilized in constant illumination. Although both strains eventually become arrhythmic upon release into DD (Vitaterna et al., 1994; Zheng et al., 1999) , they display robust activity rhythms in LL (Spoelstra et al., 2002; Steinlechner et al., 2002) . Both these mutants are, however, different from the Per2/Cry1 mutant mice in that the latter ones become arrhythmic immediately upon release into constant darkness, indicating the complete absence of a functional TTL. Previous studies have shown that the coupling strength between the feedback loops at the basis of the circadian system may change under different environmental conditions such as constant light versus constant darkness (Roenneberg and Merrow, 2003) . We therefore determined the effect of different LL intensities on the rhythmicity of the Per2/Cry1 mutant mice. Arrhythmicity in most of these animals was preserved in LL of low intensity. Surprisingly, Per2/Cry1 mutant mice exhibited a robust free-running rhythm at brighter illuminations with an extremely short free-running period (τ) of approximately 20 h (Fig. 3A) . In addition, the period length (τ) of these mice did not follow Aschoff's rule but became even shorter with augmenting illuminance (Fig. 3B ) comparable to Per2 mutant mice (Steinlechner et al., 2002) .
To unravel whether this rescue of behavioral circadian rhythmicity was also reflected at the molecular level, we analyzed Per1 and Bmal1 expression in the SCN of Per2/Cry1 mutant mice (Fig. 4A,B) . In situ hybridization results indicated a clear rhythmic expression of both genes in the mutants similar to that of wildtype animals, suggesting a reestablishment of the TTL.
The mammalian circadian system is organized such that self-sustained oscillators in the SCN entrain peripheral oscillators by releasing rhythmic signals (Yamazaki et al., 2000) . Indeed, in LL, the expression of Per1 and Bmal1 in the kidney was rhythmic in the mutant compared to the wild-type mice (Fig. 4C,D) . The specific molecular substrates by which the SCN resets peripheral clocks are unknown, but glucocorticoids have been implicated as possible entraining signals (Balsalobre et al., 2000; Le Minh et al., 2001 ). Thus, we measured the circadian excretion of fecal corticosterone metabolites (CM) in rhythmic and arrhythmic mutants under LL conditions. Because this in vivo method has previously only been reported in rats (Cavigelli et al., 2005) , we first validated our assay by comparing excretion data with those from blood samples in wild-type mice. The amplitude of the circadian fecal corticoid rhythm was indeed very similar to that for circulating corticosterone. However, the daily peak of fecal CM in feces trailed the peak in plasma by approximately 6 h (Fig. 4E) . Next, we compared fecal CM abundance in behaviorally rhythmic (LL~4 00 lux ) with that in arrhythmic (LL~2 0 lux ) mutant mice. In the rhythmic animals, the levels of fecal CM peaked every 20 h, as was expected from the corresponding activity profile (Fig. 4F) indicate that the reestablishment of circadian rhythms in LL was preserved on molecular, physiological, and behavioral levels.
Preservation of Light-Mediated Induction of Per1 Expression and Reinitiation of Behavioral Rhythms by a Dark/Light Pulse Combination in Per2/Cry1 Mutant Mice in LL
How can constant light exposure-holding no temporal information per se-trigger timed rhythmicity in a clockless animal? A first hint to answering this question was provided by analyzing the influence of an LD cycle on the phase of Per2/Cry1 mutant mice released directly into LL of higher intensity (Fig. 5A) . Surprisingly, the onset of activity of Per2/Cry1 mutant mice did not exhibit a random phase angle toward the last "lights-off" in the preceding LD, although compared to wild-type animals, the phase angle in the mutants showed a much higher variance (Fig. 5B ). This indicated that despite the failure of the LD cycle to entrain the circadian system in these animals, there seems to be a residual influence of light on the timing system affecting the activity phase in these mutants.
Light is believed to exert its influence on the circadian clockwork via gated activation of Period gene expression in the SCN. We hence speculated that light-mediated activation of Per expression in LL, triggered after a period of reduced light exposure (e.g., caused by closed eyelids during sleep), could reinitiate the TTL and, consequently, circadian rhythmicity. Therefore, we subjected arrhythmic mutant animals (LL~2 0 lux ) to a 6-h dark pulse and thereafter released them back into either LL~1 0 lux or LL~4 00 lux and measured Per1 induction in the SCN 1 h after lights came back on (Fig. 5C ). Per1 transcription was significantly induced by light of ~10 and ~400 lux. At ~400 lux, the amount of Per1 (and Per2-data not shown) transcripts in the mutant SCN was comparable to that observed in wild-type animals after a 15-min light pulse of the same intensity applied at CT14 in DD.
The above results indicate that the light input signaling pathway was preserved in Per2/Cry1 mutant mice. To test if this transient modulation of Period gene transcription can actually initiate endogenous rhythmicity, which would be reflected at the behavioral level, we kept Per2/Cry1 mutant mice in constant dim light-LL~2 0 lux -and monitored wheel-running activity before and after the dark pulse. Of the animals tested, some but not all became rhythmic after the dark pulse (Fig. 5D) . Specifically, after the treatment, the percentage of rhythmic animals rose from 20% to 50%. However, the opposite effect was also seen in 1 of the mutant rhythmic animals, which became arrhythmic after the dark pulse (data not shown). Taken together, a dark pulse followed by an activation of Per gene expression can probably reinitiate circadian rhythmicity under LL conditions. 
DISCUSSION
One of the most conspicuous qualities of circadian systems is their self-sustained rhythmicity in constant environmental conditions. In the present study, we show that in Per2/Cry1 mutant mice, the clockwork was disrupted in LD, and these animals have completely lost their circadian rhythmicity on the behavioral and molecular levels in DD (both in the SCN and the periphery). Strikingly, these mutants display very prominent ultradian rhythms. Such short rhythms have been observed in other arrhythmic mutants such as Clock (Vitaterna et al., 1994) , Per2 (Zheng et al., 1999) , Bmal1 (Bunger et al., 2000) , and Per1/2 (Zheng et al., 2001) . Interestingly, the period length of these ultradian rhythms seems to be regulated by the circadian clockwork and thus shows a high variation in the Per2/Cry1 mutant mice.
Constant illumination can reinitiate the selfsustained circadian rhythmicity in these mutants both at the central SCN and peripheral levels but with an extremely shortened period. A similar phenomenon is also reported in the Per2
Brdm1 mutants (Steinlechner et al., 2002) . In the latter, this can be explained by the morning/evening oscillator model wherein the pacemaker is described as a system of 2 coupled oscillators locking to dawn and dusk, respectively (Daan and Pittendrigh, 1976) . Specifically, Per1 and Cry1 would be part of the morning (M) oscillator being accelerated by light and thereby tracking dawn, and Per2 and Cry2 would be the part of the evening (E) oscillator being decelerated by light and thereby tracking dusk (Daan et al., 2001) . Thus, the lack of Per2 should lead to the damage of the E oscillator and therefore result in a shortened free run in LL, as is the case in the Per2 mutants (Steinlechner et al., 2002) . In the Per2/Cry1 mutant mice, parts of both the E and M oscillators are knocked out, and still the mutant mice are rhythmic and display a shortened period length in LL. Thus, the 2-oscillator model cannot account for the observations seen in this mutant.
Instead, our data are in agreement with a network oscillator model (Roenneberg and Merrow, 2003) , with the circadian machinery composed of multiple coupled molecular feedback loops that together form a "circadian network" with stable rhythmicity. The elimination of the Per2 and Cry1 components from this network weakens the coupling between the remaining oscillators, resulting in circadian arrhythmicity in DD. Some oscillations, however, remain intact and-at least in part-continue cycling with their own intrinsic (ultradian) period. In constant light, the interactions between these oscillators are differently organized. In this context, it has been shown that the expression of PER2 and probably CRY2 is altered in the murine SCN in LL as compared to DD (Beaule et al., 2003; Munoz et al., 2005) . Thus, this differential coupling in LL may allow a relatively stable network even in the absence of both Per2 and Cry1. Our experiments also indicate that this is even manifested in peripheral tissues that do not receive a direct light input in mammals.
We hypothesize that a crucial parameter in the transition between arrhythmic and rhythmic stages is the activation of light-responsive genes such as Per1 in the SCN (Shigeyoshi et al., 1997) . We show that light activation of Per genes in the SCN is preserved in arrhythmic Per2/Cry1 mutant mice in LL. It is not unlikely that an initial activation of the Per1 oscillator may "kick-start" the circadian system, which then becomes self-sustained because of the changed coupling parameters of the oscillator network in LL. The temporal gating of the light stimulus that we experimentally mimicked by application of a dark pulse could be mediated by an ultradian oscillator (e.g., sleep rhythms) still operative in these animals.
In summary, we demonstrate for the first time that constant illumination can restore self-sustained circadian rhythmicity in both the SCN and the periphery of an arrhythmic mutant. Persistent ultradian oscillators may serve to temporally gate clock gene induction in response to tonic light exposure, thereby reinitiating clock function in LL.
